Trophic interactions are often studied within habitat patches, but among-patch dispersal of individuals may influence local patch dynamics. Metacommunity concepts incorporate the effects of dispersal on local and community dynamics. There are few experimental tests of metacommunity theory using insects compared to those conducted in microbial microcosms. Using connected experimental mesocosms, we varied the density of the leafhopper Agallia constricta Van Duzee (Homoptera: Cicadellidae) and a generalist insect predator, the damsel bug (Nabis spp., Heteroptera: Nabidae), to determine the effects of conspecific and predator density and varying the time available to dispersal among mesocosms on predation rates, dispersal rates, and leafhopper survival. Conspecific and damsel bug density did not affect dispersal rates in leafhoppers, but this may be due to leafhoppers' aversion to leaving the host plants or the connecting tubes between mesocosms hindering leafhopper movement. Leafhopper dispersal was higher in high-dispersal treatments. Survival rates of A. constricta were also lowest in treatments where dispersal was not limited. This is one of the first experimental studies to vary predator density and the time available to dispersal. Our results indicate that dispersal is the key to understanding short-term processes such as prey survival in predator-prey metacommunities. Further work is needed to determine how dispersal rates influence persistence of communities in multigenerational studies.
Trophic interactions of insects are often studied in local communities , Schmitz 2003 , but dispersal among communities may be important to local dynamics. Metacommunity concepts incorporate dispersal among local communities and how dispersal affects biodiversity and species interactions, such as predation, parasitism, herbivory, and competition (Leibold et al. 2004 , Holyoak et al. 2005 . There is a well-developed body of theory for metacommunities, but there are relatively few experimental tests of dispersal on insect predator-prey interactions (but see Kareiva 1987; Demptser et al. 1995; Bowne and Bowers 2004; Cronin and Haynes 2004; Cronin 2007 Cronin , 2009 Bergerot et al. 2010; Costa et al. 2013; Start and Gilbert 2016) .
Dispersal rates of individuals moving among habitat patches determine the extent to which predator and prey dynamics are coupled in patchy landscapes. Dispersal of both predators and their prey may stabilize predator-prey dynamics (Holt 2002, Briggs and , but higher levels of predator dispersal may uncouple these dynamics due to overexploitation of prey (Holyoak and Lawler 1996b) . At low predator dispersal rates, prey may escape in space from predators by colonizing empty habitat patches Lawler 1996b, Costa et al. 2013) . If predators are able to colonize patches with abundant prey, however, an increased numerical response by the predator and a subsequent population crash after prey are overexploited may result (Holyoak and Lawler 1996b , Kneitel and Miller 2003 , Kondoh 2003 .
Intermediate dispersal rates are predicted to increase the persistence time of both predators and their prey due to greater recolonization of vacant patches than at low dispersal rates if dispersal rates are low enough that predators cannot overexploit their prey (Brown and Kodric-Brown 1977 , Crowley 1981 , Nachman 1987 , Holyoak and Lawler 1996b . This has been shown in microbial communities provided that dispersal-limited species are able to colonize new habitat patches (Holyoak and Lawler 1996a, b; Loreau and Mouquet 1999; Mouquet and Loreau 2002; Kneitel and Miller 2003; Cadotte and Fukami 2005; Hauzy et al. 2007) .
Metacommunity persistence is difficult to study in larger organisms due to longer generation times (but see Bonsall et al. 2002 Bonsall et al. , 2005 Bull et al. 2006 ). However, persistence may be studied by quantifying the movements of predators and prey among habitat patches and their effects on prey survival. This provides insights into mechanisms of metacommunity dynamics operating within generations. Individual-based explanations for short-term metacommunity dynamics include processes, such as predation (Bonsall et al. 2002 (Bonsall et al. , 2005 Bull et al. 2006) , herbivory (Matthiessen et al. 2007) , and habitat selection (Resetarits 2005, Binckley and Resetarits 2007) . The factors influencing dispersal among habitat patches are important to understand as dispersal among habitat patches is thought to be required for long-term metacommunity persistence (Holyoak et al. 2005) .
Our aims in this study were to determine the effects of varying conspecific densities of the leafhopper Agallia constricta Van Duzee (Homoptera: Cicadellidae) and densities of a leafhopper predator, the damsel bug (Heteroptera: Nabidae, Nabis spp.), on A. contricta dispersal rates and survival in connected sets of mesocosm cages that regulated the time available for insect dispersal. First, we determined if density-dependent dispersal occurred in A. constricta in the absence of predation, as documented in many other taxa, such as birds, mammals, and insects (Denno and Peterson 1995 , Fonseca and Hart 1996 , Matthysen 2005 . Specifically, we predicted greater dispersal among local communities in high-density or high-dispersal treatments compared with low-density or low-dispersal treatments. Second, we determined the effect of varying dispersal treatments and predator density on the dispersal rates of A. constricta. We predicted that leafhopper dispersal rates would be greatest in the high-dispersal and low-predator density treatments if differential dispersal rates occurred between insect predators and prey. We further predicted that leafhopper survival would be greatest in the low-predator density and intermediate levels of dispersal in accordance with metacommunity theory.
Materials and Methods

Study Species
Insects were collected from clover and soybean fields at the Miami University Ecology Research Center, Oxford, OH, USA, during the summer of 2008. A. constricta is a generalist leafhopper that consumes several families of plants, including legumes and grasses (LaHue 1936 , Black 1944 , Nielson 1968 . A. constricta is present at our study site from June to September, but it is most abundant in late July and early August (Schroeder 2007) .
Damsel bugs are generalist predators that prey on multiple insect families including aphids, plant bugs, and leafhoppers (Lattin 1989, Östman and Ives 2003) . They are diurnal predators who actively forage for their prey using chemoreception and vibrations (Donahoe and Pitre 1977; Irwin and Shepard 1980; Yeargan 1989, 1990; Schotzko and O'Keeffe 1989; Freund and Olmstead 2000) . Damsel bugs are common predators in many agricultural systems (Irwin and Shepard 1980; Yeargan 1989, 1990; Schotzko and O'Keeffe 1989) . Nabis americoferus (Carayon) (Hemiptera: Nabidae) and N. roseipennis Reuter both occur at our study site, but it was not possible to differentiate between the species in the field. Therefore, we randomly collected both of the species from the field for use in our experiments. Previous work has indicated that any confounding effects of species are likely negligible (Östman and Ives 2003) .
Experimental Mesocosms
All experiments were conducted outdoors in arrays of caged pots of red clover (Trifolium pratense L.) during June to September 2008 at the Miami University Ecology Research Center. Cylindrical cages were constructed using 'no-see-um netting' covering a wire frame (28 cm × 40 cm [depth by height]) and a pot of red clover (30 cm × 10 cm [depth by height]) grown from the seed (Fig. 1) . To remove any arthropods present on clover, pots were sprayed with organic pyrethrin insecticide before placing experimental insects in the mesocosms. After spraying, cages were placed in an open field with full sun. Pyrethrin insecticides degrade rapidly in sunlight with half-lives not exceeding 3 h (Antonious 2004) . After 2 d, less than 0.05 μg of pesticide residue remains on 1 g of plant leaves (Antonious 2004) .
After 2 d, experimental leafhoppers were introduced to cages. Each cage contained a local community of clover, leafhoppers, and predators, and three cages were linked by dispersal to create a metacommunity. The cages were connected using rectangular, vinyl rain gutter downspouts with the sides removed and lined with 'no-see-um' netting. Tubes were 10 cm × 50 cm (width by length), and dispersal was controlled by closing the ends of the tubes.
Preliminary observations were conducted to ensure that leafhoppers and damsel bugs would move through the connecting tubes. Before the start of the experiment, leafhoppers were introduced into a connecting tube and observed over the course of an hour. The leafhoppers would either walk or hop along the length of the tube. After 1 h, a single damsel bug was added to the tube. Leafhoppers would hop to the ceiling of the tube as the damsel bug approached and then walk quickly away from the damsel bug toward the ends of the tube.
The (cf. Holyoak and Lawler 1996a) . We randomly assigned periods when tubes were open to movement so that different replicates were open at different times during the experiment.
Preliminary Experiment
To quantify leafhopper movement among mesocosms, leafhoppers in different mesocosms were dusted with a different color of fluorescent powder. A preliminary experiment was conducted to determine if damsel bugs prefer to prey on a particular color of powder. A total of 25 A. constricta were dusted with red, blue, or yellow fluorescent powder and added to single-chamber mesocosms containing a single pot of red clover. A control treatment with no powder was also used. Five replicates were used for each treatment. Damsel bugs were food-deprived for 2 d and were then added to the mesocosms 1 d after the leafhoppers. Mesocosms were vacuum-sampled with a modified portable vacuum (BioQuip Products, Rancho Dominguez, California) 1 d after damsel bugs were added, and the number of surviving leafhoppers was counted. One replicate in both the yellow and blue powder treatments was not included in the analysis due to the damsel bug dying during the experiment. Before the analysis, data were square-root transformed. Results were analyzed using a general linear model in SPSS (IBM Corp. 2017). There was no difference in the number of leafhoppers consumed among the color treatments and the control (F = 0.751; df = 3, 14; P = 0.540). Damsel bugs were not dusted with different colored powder to avoid altering A. constricta's behavioral response to predators.
Dispersal Experiments
To determine the effect of prey density and dispersal treatment on dispersal and survival rates of A. constricta, three dispersal treatments (5, 30, and 100%) were crossed with two different densities of leafhoppers per mesocosm (25 or 50). Four replicate metacommunities of each treatment were used for a total of 72 cages and 24 metacommunities. Only two mesocosms were stocked with leafhoppers to determine if leafhopper colonization rates of an empty mesocosm differed among density or dispersal treatments. Leafhoppers were dusted with either red or yellow fluorescent powder to quantify movements among communities. Each community was sampled with a suction-sampler 1 d after the damsel bugs were introduced and every 2 d thereafter. Surviving leafhoppers were counted and returned to the community where they were sampled. The experiment was only conducted for 5 d because of the inclement weather caused by the remnants of Hurricane Ike moving through the Oxford area. A single 50-leafhopper, 5% dispersal replicate and a single 50-leafhopper, 30% dispersal replicate did not have tubes opened as a result of the experiment being terminated earlier than expected; however, tube-open times were randomly assigned across replicates, so this should not have biased the results among treatments.
We also tested the effect of dispersal treatments on A. constricta survival probabilities and dispersal rates in the presence of predation. For this experiment, we used a fixed density of 50 leafhoppers per local community, and we replicated the dispersal levels as in the previous experiment. One mesocosm was intentionally left empty at the beginning to serve as a refuge from predation. Leafhoppers were dusted with either blue or red fluorescent powder to quantify movements among cages. One day later, either one or two damsel bugs were added to each of the two mesocosm cages containing leafhoppers, for a total of either two or four per metacommunity. We used only female damsel bugs in this experiment. Female damsel bugs are more voracious than males (Lingren et al. 1968 , Donahoe and Pitre 1977 , Propp 1982 , Ma et al. 2005 ). The females are likely energy maximizers for reproduction, whereas males may spend less time foraging to find mates (Schoener 1971) .
Each mesocosm was sampled with a suction sampler 1 d after the damsel bugs were introduced and every 2 d thereafter. Surviving leafhoppers and damsel bugs were returned to the mesocosm from which they were sampled. If a dead damsel bug was found during sampling, it was replaced to maintain a constant predator density throughout the course of the 7-d experiment.
Statistical Analyses
Poisson regression was used to determine the effect of conspecific density and dispersal treatment on dispersal rates of A. constricta in the absence of predation. Both main effects were tested along with their interaction. Dispersal was analyzed as the total number of leafhoppers that moved among mesocosms in each treatment over the course of the experiment. Poisson regression was also used to determine the effect of damsel bug density and dispersal treatment on leafhopper dispersal rates (glm function, R Development Core Team 2009). Both main effects were tested along with their interaction.
The roles of predation and dispersal in leafhopper survival were modeled using failure-time analysis (Fox 2001) . It is possible that some leafhoppers may have escaped capture by finding refuge in the clover despite our extensive sampling efforts. Failure-time analysis allows for the possibility that some leafhoppers may not be recovered alive or dead during a sampling period (right-censored data), which occurred in 2% of the total of 2,400 leafhopper counts. The exact time of an animal's death is often not known in empirical studies. The interval in which death (failure) occurred is often all that is known. Leafhopper survival under different treatment factors of predation (0, 1, or 2 damsel bugs) and dispersal rate (5, 30, and 100%) were recorded after 1, 3, 5, and 7 d so that the time to mortality can be treated as a distribution of failure times. We expected that leafhopper mortality would not occur at a constant rate as food-deprived damsel bugs were expected to have high feeding rates at the beginning of the experiment and then level off as they became satiated or as prey encounter rates decreased. The predictor variables of predation and dispersal will influence these rates, a pattern that is suited to using nonparametric life-table analysis (Kalbfleisch and Prentice 1980, PROC LIFETEST, SAS Institute 2003) . Failuretime analysis has been used to measure predation rates over time in intertidal communities (Petraitis 1998) , and the survival probability of grasshoppers in response to spider presence (Danner and Joern 2003) .
Results
In the absence of predation, <5% (2-16 leafhoppers) of the total leafhoppers within each replicate moved among the mesocosms in all treatments, except in the 25 leafhoppers/100% dispersal treatment, where 18 of the 200 (9%) total leafhoppers moved among local patches. There was no effect of leafhopper density on leafhopper dispersal rate (Poisson regression, Wald's Z = 0.44; P = 0.66). There was no detectable density-dependent dispersal of leafhoppers among patches in the absence of predation. There was a significant effect of dispersal treatment on the dispersal rate of leafhoppers with a greater number of leafhoppers dispersing in the 100% dispersal treatment compared with the 30 and 5% dispersal treatments (Z = 3.11; P = 0.0019). There was no interaction between density and dispersal treatment. There was also no difference among treatments in survival time of A. constricta in the absence of predation (χ 2 = 1.8637; df = 5; P = 0.8677, Table 1 , Fig. 2 ).
Damsel bug density had no effect on leafhopper movements among mesocosms (Z = −0.566; P = 0.57). However, dispersal did have a significant effect on leafhopper movement with more leafhoppers dispersing in the 100% dispersal treatment compared with the 5 and 30% treatments (Z = 2.22; P = 0.027). There was no interaction between dispersal treatment and damsel bug density. Less than 5% of the leafhoppers (1-12 leafhoppers) moved among local communities in all treatments. We only observed three instances of damsel bugs moving among communities.
A. constricta had a higher survival probability in the 1-damsel bug/5% dispersal treatment compared to the 1-damsel bug/100% dispersal treatment (χ 2 = 8.86; df = 1; P = 0.0029, Table 2 , Fig. 3 ).
Leafhoppers also had higher survival probabilities in the 1-damsel bug/5% dispersal treatment than in the 2-damsel bug/30% dispersal treatment (χ 2 = 9.41; df = 1; P = 0.0022, Table 2 , Fig. 3) and the 2-damsel bug/100% dispersal treatment (χ 2 = 4.75; df = 1; P = 0.0293, Table 2 , Fig. 3 ).
Discussion
Leafhopper density did not affect dispersal rates among mesocosms, but leafhoppers moved among mesocosms more in the 100% dispersal treatment compared with the 5 and 30% treatments. Despite high conspecific densities and the opportunity to disperse among mesocosms, leafhoppers moved infrequently among habitat patches. Densities of A. constricta can be as high as 108 leafhoppers m −2 in the field with a mean of 35 leafhoppers m −2 (Schroeder 2007) . This is equivalent to a mean of 2.56 leafhoppers per mesocosm, which have an area of 0.073 m 2 . Therefore, densities in the mesocosms were 10-20 times greater than the observed field densities for the 25-and 50-leafhopper density treatments, respectively, yet movement among patches was still infrequent.
A meta-analysis by Denno and Peterson (1995) determined that declining host-plant quality is the main factor influencing emigration in sap-feeding insects. All local habitat patches in our mesocosms were of similar quality, and there was no evidence of 'hopper burn', a yellowing of plant leaves resulting from leafhopper feeding. Hopper burn results in stunted growth, delayed maturation, and loss of yield (Kindler et al. 1973 , Wilson et al. 1979 . It is not known if A. constricta causes hopper burn, but Haynes and Crist (2009) suggested that potato leafhoppers (Homoptera: Cicadellidae, Empoasca fabae) may be more associated with reductions in plant biomass than A. constricta.
Leafhoppers may also be averse to leaving host plants within mescosoms, or connecting tubes may not have been conducive to hopping modes of movement by leafhoppers. Insects show an aversion to leaving suitable habitat patches by exhibiting exploratory behavior along the patch edge or by not approaching the patch edge (Schtickzelle and Baguette 2003 , Bowler and Benton 2005 , Baguette and Van Dyck 2007 , Fahrig 2007 , Stasek et al. 2008 , Cronin 2009 , Costa et al. 2013 ). We did not observe A. constricta's behavior as it approached the connecting tubes, but once leafhoppers entered a connecting tube, they may not have crossed the tube due to the tubes' length, small diameter, or perceived increased risk of mortality (Schtickzelle and Baguette 2003) . Therefore, it is important to determine the scale at which leafhoppers perceive landscape features, such as the patch edge, and assess the risks of approaching and crossing the edge (Cronin 2003 , Haynes and Cronin 2003 , Schtickzelle and Baguette 2003 , Bowler and Benton 2005 , Baguette and Van Dyck 2007 , Fahrig 2007 , Stasek et al. 2008 .
We predicted that A. constricta would have the highest dispersal rates in the single damsel bug, 100% dispersal treatment. As predicted, leafhoppers did have the greatest dispersal rates in the 100% dispersal treatment, though dispersal rates were generally low with <5% of each local leafhopper population dispersed among mesocosms. Low dispersal rates among mesocosms may have occurred because leafhoppers had limited opportunities to jump or fly to escape from predation and thus remained sedentary to escape predation. Damsel bugs search for prey both visually and chemically (Freund and Olmstead 2000) , and they may have been able to locate leafhoppers more efficiently after leafhoppers left the host plant. Leafhoppers will often walk or hop to escape from predation (Larsen et al. 1992) . Dispersal tubes between the sides of mesocosms required leafhoppers to walk or hop horizontally between mesocosms; if tubes had connected the tops of mesocosms, flying, or vertical hopping movements might be facilitated between cages. As a result, leafhoppers may have also chosen to remain sedentary to escape predation rather than moving among habitat patches (Östman and Ives 2003) , which is observed in planthoppers exposed to predation by spiders Denno 2002, 2006) . Contrary to our predictions, damsel bug density had no effect on the dispersal rates of leafhoppers. Previous studies show that predator or parasitoid density does (Hauzy et al. 2007 , Bowler et al. 2013 or does not (French and Travis 2001) influence prey dispersal. Parasitoid dispersal rates may increase as the parasitoid:host ratio increases, resulting in a decreased competition with the conspecifics (French and Travis 2001) . Adult damsel bug densities peak at 1 bug m −2 at our field site (Stasek et al. unpublished data) . Therefore, damsel bugs in the two-predator treatments might have increased their dispersal rates to avoid encounters with the conspecifics. It was also predicted that the prey would have lower survival probabilities in habitat patches with two damsel bugs than those with only one damsel bug. The combined effect of the two damsel bugs preying on A. constricta resulted in slightly higher predation rates but did not double the predation rates found in the single damsel bug treatment ( Table 2) . As a result, leafhoppers may have been unable to escape predation in all treatments, resulting in a similar survival probability among dispersal treatments. Predator interference is another factor that would lower per predator feeding rates (Arditi and Akçakaya 1990) , but other experiments in our study system showed no evidence of predator interference or cannibalism (Stasek 2009) .
A. constricta had a higher survival probability in the 1-damsel bug/5% dispersal treatment compared with the 1-damsel bug/100% dispersal treatment, the 2-damsel bug/ 100% dispersal treatment, and the 2-damsel bug/30% dispersal treatment. Leafhoppers in the 100% dispersal treatment were predicted to have lower survival probabilities than the 5 and 30% dispersal treatments. We expected the damsel bug to move freely among communities in the 100% treatment and consume their leafhopper prey. However, we observed only three instances of damsel bugs moving among habitat patches in all of our trials. Because we did not mark damsel bugs individually to avoid altering A. constricta's behavior, it is possible that damsel bugs may have moved among habitat patches at greater rates than we observed. Leafhoppers may have also emigrated from habitat 'Dispersal' is the percentage of time per week that connecting tubes were open to movement. 'Density' is the density of damsel bugs per mesocosm. 'Time' is the hours since the experiment commenced. Different letters after dispersal treatments indicate a significant difference in survival probability (P < 0.05). patches at greater rates than we observed, thus increasing their encounter rates with damsel bugs. Damsel bugs are voracious predators and may have consumed immigrating leafhoppers before we observed the interpatch movements.
There was no difference between the 5 and 30% dispersal treatments on leafhopper survival in the single damsel bug treatment, contrary to our predictions. We predicted that the 30% dispersal treatment would have the greatest survival time because a greater proportion of leafhoppers would disperse to other local communities to escape predation than in the 5% dispersal treatment, and damsel bugs would not be able to follow leafhoppers once the tubes were closed (Brown and Kodric-Brown 1977 , Crowley 1981 , Nachman 1987 , Holyoak and Lawler 1996b . This was likely due to the fact that there was no difference in dispersal rates of leafhoppers between the 5 and 30% dispersal treatments.
Most experimental metacommunity studies use prototozoans to assess persistence due to their short generation times (Holyoak and Lawler 1996a,b; Forbes and Chase 2002; Kneitel and Miller 2003; Cadotte and Fukami 2005; Cadotte 2006; Hauzy et al. 2007 ). However, it is important to understand the short-term behaviors that influence dispersal among local patches, such as predation risk (Resetarits 2005) , habitat quality (Binckley and Resetarits 2007) , patch arrangement (Bull et al. 2006) , number of habitat patches (Bonsall et al. 2002 (Bonsall et al. , 2005 , and connectivity (Matthiessen et al. 2007, Start and Gilbert 2016) . This study is one of the first experiments to manipulate dispersal rates of predators and prey on prey survival in insects. Our results demonstrated that neither conspecific nor predator density had an effect on dispersal rates, while dispersal treatment did affect dispersal rates of leafhoppers with 100% treatment having a greater number of leafhoppers moving among habitat patches. This suggests that dispersal is key to understanding shortterm persistence in predator-prey metacommunities. Dispersal rates expressed per generation could be 2-3 times larger in longer term, multigenerational experiments. Further work is needed to determine the factors which facilitate or hinder dispersal of predators and their prey in metacommunities and how predator numerical response and dispersal rates vary in response to prey patches.
Future experiments should focus on varying both predator and prey densities as well as dispersal rates to determine the factors influencing predation rates of predators within generations. Variation in intraspecific and interspecific dispersal rates has only been conducted in a few studies (Bernstein 1984 , French and Travis 2001 , Hauzy et al. 2007 . A. constricta densities in the field vary dramatically over the course of spring and summer with a peak density occurring in late July and early August at our study site (Schroeder 2007) . The numerical and functional responses of damsel bugs may also vary as A. constricta abundance changes, and damsel bugs may disperse more or less in response to the changing A. constricta densities.
